Abstract: Camelina [Camelina sativa (L.) Crantz] has potential in aquaculture, livestock feed production, and the biofuel industry. It is necessary to determine the appropriate production technology for the newly introduced crop under different environmental conditions. The objective of this 2-year study was to measure the response of five camelina genotypes in terms of seed yield, yield components, and disease incidence to applied nitrogen (N) at multiple sites in the Maritime provinces of eastern Canada. The factorial experiment was set up as a randomized complete block design. The two factors were six N rates (0, 25, 50, 100, 150, and 200 kg ha −1 N) and five genotypes of camelina (Calena, CDI002, CDI005, CDI007, and CDI008). The interactive effect of N rates and genotypes was considered. Results showed that camelina, which is usually considered a low-input crop, responded positively to increased applied N at rates up to 200 kg ha −1 N. Seed yield responded differently to applied N rates depending on genotype. Branch and pod development were decisive for seed yield. The advanced line CDI007 had the highest yield potential among the five genotypes. Downy mildew infection was positively correlated with applied N rates; however, seed yield was not significantly affected by downy mildew infection.
Introduction
Camelina [Camelina sativa (L.) Crantz] is an oilseed crop in the Brassicaceae family. Renewed interest in camelina has been inspired by its favorable agronomic traits and potentially large number of uses. Camelina has potential in the biofuel industry (Fröhlich and Rice 2005) , livestock feed (Cherian 2012) , and in the aquaculture industry Xue et al. 2014) . Camelina is usually regarded as a low-input crop that requires fairly low amounts of fertilizer and pesticides (Putnam et al. 1993 ). It can adapt to different climatic and soil conditions, except for heavy clay and soils rich in organic matter (Zubr 1997) .
Seed yield potential and yield stability along with yield determining characteristics of a crop are important and are basic knowledge requirements for the economic success of the crop (Sierts et al. 1987 ). This information is required by plant breeders to set breeding goals for maximum return. So far, very limited information about yield component compensation in camelina has been documented. Plant density and a uniform distribution of plants per unit area are a prerequisite for yield stability of camelina (Mason and Guillen-Portal 2010) . This crop may compensate for the difference in plant stands by adjusting branch, pod, seed number, and (or) seed weight (Mason and Guillen-Portal 2010) . Camelina may exhibit different mechanisms of yield compensation depending on environmental factors (Mason and Guillen-Portal 2010) . In one study, a reduction in seeding rate did not alter seed yield because camelina compensated via increasing pods plant −1 (Agegnehu and Honermeier 1997) . In canola (Brassica napus L.), plant density governs yield components (Diepenbrock 2000) and the number of pods per plant is decisive for seed yield (Diepenbrock 2000; Angadi et al. 2003) . Urbaniak et al. (2008) demonstrated that camelina cultivar selection and applied N levels are important factors in obtaining optimum yield. Under N deficiency, camelina plants are thin and upright, and the leaves are small and pale yellow-green. Ripening tends to be premature, and few pods and seed bearing branches are developed (Agegnehu and Honermeier 1997) . Significant variation in N requirement for camelina production has been documented under different environmental conditions in the world. The optimum N input for camelina was found to be between 60 and 80 kg ha −1 , which resulted in yields ranging from 895 to 1949 kg ha −1 in Atlantic Canada (Urbaniak et al. 2008 ). Crowley and Fröhlich (1998) found that camelina yields peaked by using 75 kg ha −1 N in Ireland. Camelina seed yield was maximized at 100 kg ha −1 N in Europe (Zubr 1997) and 90 kg ha −1 N in USA (Budin et al. 1995) . Most recent research showed that optimum yields of camelina required relatively high N application. For example, the maximum seed yield of camelina was attained with the application of 185-300 kg ha −1 N in Chile (Solis et al. 2013) . The optimum N rate for the highest yield ranged from 120 to 160 kg ha −1 N in eastern Canada (Jiang et al. 2013 ). The maximum seed yield was achieved at a rate of 170 kg ha −1 N on the Canadian prairies (Malhi et al. 2014 ). In general, there are many inconclusive and somewhat contradictory results in reference to N application in camelina production in different areas of the world. Camelina is generally resistant to diseases and pests affecting other members of the Brassicaceae family (Putnam et al. 1993) . However, incidence of downy mildew, caused by Hyaloperonospora camelinae (Babiker et al. 2012) , has been observed under field conditions (Vollmann et al. 2001) . Downy mildew is an obligate parasite that can only be maintained on living hosts (Turk 2002) . Symptoms on camelina include grey-white mycelium on lower leaf surfaces, upper third portion of plants, stem internodes, and the developing pods (Séguin-Swartz et al. 2009; Srivastava et al. 2012) . Severely infected plants exhibit a twisted or curved growth (Vollmann et al. 2001; Séguin-Swartz et al. 2009; Srivastava et al. 2012) . Grain yield of this crop is reduced due to higher levels of downy mildew (Vollmann et al. 2001) . Camelina 'Calena' was reported to be highly susceptible to downy mildew among 11 selected cultivars or accessions in replicated pathogenicity tests by Li (2009) .
This study was conducted to evaluate effects of applied N fertilization and genotype on seed yields, yield components, and downy mildew infection, as well as to determine the relationships between seed yields and yield components.
Materials and Methods

Experimental design
The site at Truro (lat. 45.36°N, long. 63.28°W) . The four numbered lines are from the breeding program of Dr. Kevin Falk of AAFC, Saskatoon. Spring pre-seeding tillage was done before camelina was planted. Seeds were planted with a 15 cm row spacing and a seed depth of 0.5-1.0 cm using a double-disk plot drill (Hege, H and N Equipment Inc., Colwich, KS, USA) at NS and PE, while the Fredericton site used a Brillion seeder (Brillion Farm Equipment, WI, USA). Crops were seeded in plots 6 m in length (trimmed to 5 m in length at harvest) and 2.5 m wide at Truro in 2011, as well as Canning, Truro, and New Glasgow in 2012. Plot size was 6 m × 1.25 m at Fredericton. Weather summaries including the monthly rainfall, total growing degree-days (GDD), and the average temperatures for five sites during the growing season were obtained from Environment Canada (Table 2) .
Nitrogen treatments, as NH 4 NO 3 , were applied at 0, 25, 50, 100, 150, and 200 kg ha in the spring and incorporated. Previous crops, seeding date, date of the first timing N application, date of the second timing N application, and harvest date are listed in Table 3 . There were 4 replications and 30 treatments arranged in a randomized complete block design at each site-year.
Data collection
The percentage of plants infected with downy mildew was determined at the seed-setting stage at Canning in 2012 and Truro in 2011 and 2012. Two subsamples (1 subsample = two rows × 0.5 m) from each plot were collected randomly, avoiding the outside rows. The infection with downy mildew was determined by visual observation when the white mould was found on leaves, stem, and (or) developing pods. The number of plants in the specific area and the number of plants that were infected with downy mildew were counted. The ratio of the number of plants infected with downy mildew to plant stand was calculated. No other diseases except for downy mildew were observed in the experiments investigated.
At harvest, two subsamples of 0.5 m of two rows of plants from each plot (avoiding the outside rows) were collected by hand. The number of branches and pods per plant were counted using a subsample of 10 plants Table 2 . Total precipitation, growing degree-days (GDD), and monthly mean temperature for each site-year. from each plot. Camelina plots were harvested by a combine (Hege 125C, Hege USA, Colwich, KS, USA) and the plot harvest area was 6.25 m 2 (5 m × 1.25 m). Seed contaminants were removed using a mechanical cleaner (Clipper Seed Cleaning Co., Bluffton, IN, USA) after seeds had been dried to 8% moisture content. The TSW values were calculated by counting 200 seeds using a seed counter (C1, Elmor, Switzerland) and then multiplying by 5. Two subsamples (1 subsample = 200 seeds) from each plot at each site were evaluated.
Data analyses
PROC MIXED procedure (Littell et al. 1996) in SAS version 9.3 statistical software (SAS Institute 2012) with least significant differences (LSD) t test method (P < 0.05) was used to examine effects of N and genotype on seed yield, yield components, and downy mildew infection using analysis of variance (ANOVA). The effects of N and genotype were considered fixed effects, and the block nested within site-year, site-years, and interactions involving site-years were considered random. The data of the five different test locations were combined after the homogeneity of variance assumption of location effects was met.
Multiple linear regression (forward-backward stepwise regression) was conducted with seed yield as the dependent variable and yield components as independent variables. Seed yield was determined as a function of plants m , and TSW. The relationship between seed yield and yield components for five genotypes was also analyzed with correlation analysis across five siteyears (n = 120).
Regression analysis was conducted to determine the relationship between applied N rates and seed yield, TSW, pods m −2
, and downy mildew infection, as well as the relationship between seed yield and downy mildew infection. The linear or quadratic nature of regression models was determined based on regression coefficients. Simple linear and polynomial regression analyses were conducted to determine the linear or quadratic nature of N effects on responses. Regression coefficients were determined to be significantly different from zero at the P value of 0.05. For the quadratic regression models, the optimum N rate was calculated by setting the quadratic function after the first derivative to zero.
Results
The total precipitation during the growing season was 585 mm at Truro (located at the east coast of Canada near the Atlantic Ocean) in 2012, followed by Truro in 2011 (438 mm) and Fredericton in 2012 (335 mm); Canning and New Glasgow in 2012 were relatively dry with 224 and 227 mm precipitation, respectively. Mean temperatures during the growing seasons at all investigated sites were similar (Table 2 ). The growing season at Fredericton in 2012 was shorter compared to other site-years due to late seeding (Table 3) .
Seed yield
Seed yield responded differently to applied N rates depending on genotype (Table 4) . Seed yield increased with an increase in N rates (Fig. 1) . Line CDI007 produced highest seed yield among these five genotypes (Fig. 1 ). When N rates increased from 0 to 100 kg ha −1 , seed yield x Downy mildew data were collected from three site-years: Truro, 2011; Truro, 2012; Canning, 2012 . Other parameters were based on data from five site-years. *Significant at the 0.05 level of probability. **Significant at the 0.01 level of probability. of CDI007 and Calena was similar, while seed yield of CDI007 was higher than Calena when N rates were 150 and 200 kg ha −1 . Regression analyses showed that seed yield of Calena, CDI002, CDI005, and CDI008 was positively correlated with applied N rates in the quadratic models, while there was a linear relationship between seed yield of CDI007 and N rates (Fig. 1) . The optimum N rates for the highest seed yields were 196, 206, 226, and 232 kg N ha
for Calena, CDI002, CD005, and CDI008, respectively.
Seed yield components
Genotype had a significant effect on branches m −2 , and pods m −2 (Table 4) . Applied N had a significant effect on plant density at harvest, and pods m −2
. Genotypes responded differently to applied N rates in terms of branches plant −1 , pods plant −1 , and TSW.
CDI007 had the most branches m −2
, which was not significantly different from CDI008, while CDI005 had the least amount of branches m −2 (Table 5 ). CDI007 and ) decreased with an increase in N rates (Fig. 2) . Pods m −2 was positively correlated with applied N rates in a linear model (Fig. 3) . CDI007
had the most branches plant −1 among these five genotypes, while Calena and CDI005 had relatively few branches plant −1 (Fig. 4) . Branches plant −1 was positively correlated with applied N depending on genotype (Fig. 5) . Branches plant −1 in Calena was positively associated with N input in a quadratic way; branches plant −1 in CDI005 and CDI007 had a positive relationship with applied N rates in a linear way; branches plant −1 in CDI002 and CDI008 had no relationship with N input (Fig. 4) . CDI007 had more pods plant −1 compared with the other genotypes (Fig. 5) . Genotypes responded differently to N input in pod development (Fig. 5) . Pods plant −1 in Calena, CDI002, CDI005, and CDI007 were positively correlated with applied N in a linear way, while pod development Fig. 1 . Regression analyses of applied N rates on seed yield for five genotypes. Each dot represents mean value of 20 samples (i.e., 5 site-years × 4 replications). Bars indicate standard error of the mean. *Significant at the 0.05 level of probability. **Significant at the 0.01 level of probability. . Each dot represents mean value of 100 samples (i.e., 5 site-years × 5 genotypes × 4 replications). Bars indicate standard error of the mean. *Significant at the 0.05 level of probability. **Significant at the 0.01 level of probability. . Each dot represents mean value of 100 samples (i.e., 5 site-years × 5 genotypes × 4 replications). Bars indicate standard error of the mean. *Significant at the 0.05 level of probability. **Significant at the 0.01 level of probability.
in CDI008 had weak association with applied N rates (Fig. 5) . Calena, CDI007, and CDI002 had high TSW, significantly higher than CDI005, while CDI008 had the lowest TSW (Fig. 6 ). TSW increased with an increase in N input depending on genotype, which was true in Calena, CDI005, CDI007, and CDI008, but the regression model between yield and TSW in CDI002 was not significant (Fig. 6) .
Relationship between yield and yield components (Table 6) . Plant density at harvest had no relationship with seed yield in these five genotypes.
Stepwise regression models for seed yield (SY) on plants per square metre at harvest (PSMH), branches per plant (BP), pods per plant (PP), thousand seed weight (TSW), branches per square metre (BSM), and pods per square metre (PSM) within each camelina genotype across site-years and applied N rates were listed as follows: SY(Calena) = 807.4 + 106.8BP, R 2 = 0.2755, P = 0.0085, N = 30 (5 site-years and 6 N rates) Fig. 4 . Regression analyses of applied N rates on branches plant −1 for five genotypes. Each dot represents mean value of 20 samples (i.e., 5 site-years × 4 replications). Bars indicate standard error of the mean. *Significant at the 0.05 level of probability. **Significant at the 0.01 level of probability. Fig. 5 . Regression analyses of applied N rates on pods plant −1 for five genotypes. Each dot represents mean value of 20 samples (i.e., 5 site-years × 4 replications). Bars indicate standard error of the mean. *Significant at the 0.05 level of probability. **Significant at the 0.01 level of probability. Fig. 6 . Regression analyses of applied N rates on TSW for five genotypes. Each dot represents mean value of 20 samples (i.e., 5 site-years × 4 replications). Bars indicate standard error of the mean. *Significant at the 0.05 level of probability. **Significant at the 0.01 level of probability. Table 6 . Pearson correlation coefficients for relationship between seed yield (SY) and plants per square metre at harvest (PSMH), branches per plant (BP), pods per plant (PP), thousand seed weight (TSW), branches per square metre (BSM), and pods per square metre (PSM) within each camelina genotypes across site-years and applied N rates (n = 120 with 5 site-years, 6 N rates, and 4 replications). The stepwise regression models demonstrated that the number of branches per plant is the significant variable leading to the change of seed yield for all of the five genotypes, and the TSW was also a significant variable resulting in the yield change in CDI005, CDI007, and CDI008.
Downy mildew
The individual effects of genotype and N rates were significant on plants infected with downy mildew at the seed setting stage at Truro in 2011, Canning in 2012, and Truro in 2012 (Table 4) . CDI007 was the most resistant to downy mildew infection, while Calena was the most susceptible to downy mildew infection (Table 5 ). The percentage of plants infected with downy mildew increased with increasing N rates (Fig. 7) . Downy mildew infection became severe when N rate was over 100 kg ha −1 . However, there was a very weak relationship between downy mildew incidence and seed yield (Fig. 8) .
Discussion
Nitrogen effect on seed yield
Seed yield of camelina responded to relatively high N application (approximately 200 kg ha −1 N) in the present study, which failed to validate the proposition that camelina is a low-input crop (Putnam et al. 1993) . There are recent studies that support our results. The optimum N rate for highest seed yield in camelina was 170 kg ha
N on the Canadian prairies (Malhi et al. 2014 ) and 185-300 kg ha −1 N in Chile (Solis et al. 2013) . Camelina has usually been considered a low-input crop, which was likely due to the fact that it was grown in areas where camelina did not exhibit high yield potential (Solis et al. 2013) . Further, camelina has been reported to require less N compared with the above figures perhaps because few studies applied N treatments to reach the plateau of seed yield. For example, seed yield of camelina with 120 kg ha −1 N was higher than with 0 and 60 kg ha −1 N rates (Agegnehu and Honermeier 1997) , but 120 kg ha −1 N was the highest N rate that was tested and higher N rates may have produced even higher seed yield. A positive linear relationship between seed yield and applied N rate up to 100 kg ha −1 was found by Wysocki et al. (2013) . The optimum N rate for the highest seed yield in another study was reported to be 60 kg ha −1 N, but the corresponding seed yield was only 830 kg ha −1 (Koncius and Karcauskiene 2010) . Therefore, camelina requires high N fertilizer application to produce yields that would be considered economic for crop growers.
Yield components affected by N input and their relationships with seed yield
An increase in seed yield of camelina was closely correlated with branch and pod development in the present study. Nitrogen application promoted the onset and development of yield components such as branches plant −1 , pods plant −1 , pods per unit area, seed weight plant −1 , and seeds pod −1 in camelina (Agegnehu and Honermeier 1997) . This was consistent with our findings that N application increased number of pods m −2 , branches plant −1 in three of the five genotypes, pods Fig. 8 . Regression analysis of percentage of plants infected with downy mildew at the seed setting stage on seed yield across three site-years (Truro, 2011; Canning, 2011; Truro, 2012) . *Significant at the 0.05 level of probability. Fig. 7 . Regression analysis of applied N rates on percentage of plants infected with downy mildew at the seed setting stage across three site-years (Truro, 2011; Canning, 2011; Truro, 2012 , which was consistent with previous studies in camelina (Agegnehu and Honermeier 1997; Urbaniak et al. 2008; Pan 2009; Lošák et al. 2011; Johnson and Gesch 2013) . Pod production was the major determinant of seed production in camelina (Agegnehu and Honermeier 1997) . Visual observations by Wysocki et al. (2013) indicated that most of the increase in seed yield in camelina was due to the increase in number of pods plant −1 . Applied N rates had no significant effect on plant density (Malhi et al. 2014 ), but our findings showed that plant density was negatively correlated with applied N rates (Fig. 2) . This was probably due to the fact that applied N input increased plant canopy, leading to plant competition. The TSW of camelina was considered to be genetically fixed by Agegnehu and Honermeier (1997) . Applied N rates did not have an impact on camelina seed size (Marquard and Kuhlmann 1986 in Putnam et al. 1993) . Similarly, the TSW of camelina did not change with an increase in N input (Agegnehu and Honermeier 1997; Koncius and Karcauskiene 2010) . However, applied N rates increased TSW depending on genotype in our study. We found that N input increased TSW in four of the five genotypes. These results are in line with the research conducted by Ożzütrk (2010), who found that TSW in winter rapeseed (Brassica napus L.) showed a steady increase when N rate increased from 0 to 150 kg ha −1 N, as well as consistent with studies in lentil (Lens culinaris Medik.) (Rahman et al. 2013) , common kidney bean (Phaseolus vulgaris L.) (Ogutu et al. 2012) , winter wheat (Triticum aestivum L.) (Mohammad and Ataei 2013) , and mustard [Brassica juncea (L.) Czern.] (Mozaffari et al. 2012 ). Unfortunately, due to time constraints, the role of the number of seeds per pod in camelina yield formation was not determined. Clearly, this should be done in the future for studies on yield components.
Effect of nitrogen fertilization on downy mildew incidence
It is generally accepted that warm and humid mid-season growing conditions may lead to an increased disease incidence. Downy mildew is an obligate parasite that is only able to survive on living hosts (Turk 2002; Birch et al. 2006) . Nitrogen input had a positive effect on the occurrence of downy mildew in this study, which was consistent with the previous experiments by Pan (2009) . Nitrogen promotes the development of young and succulent tissues, prolongs the vegetative stage, and delays maturity, which makes plants susceptible to pathogens for a longer period (Zarafi et al. 2005 ). Nitrogen input increases the incidence and severity of downy mildew by affecting plant canopy development. Large canopies with high shoot densities promote spore transfer and infection. Previous studies have shown that N was positively correlated with the incidence of downy mildew on sugarcane (Saccharum officinarum L.), cucumber (Cucumis sativus L.), and pearl millet [Pennisetum glaucum (L.) R. Br.] (Zarafi et al. 2005) , while others observed no relationship (Sivaprakasam et al. 1974; Zarafi et al. 2005) . Seed yield was not affected by downy mildew in camelina in the present study, which was consistent with research conducted on sorghum [Sorghum bicolor (L.) Moench] (Isakeit and Jaster 2005) . This was probably due to collinearity between seed yield of camelina and downy mildew infection that had a positive relationship with N input, which masked the effect of downy mildew infection on seed yield. However, downy mildew was found to be negative associated with seed yield in camelina (Vollmann et al. 2001) . Similarly, downy mildew caused 75% yield loss in field pea (Pisum sativum L.) (Chang et al. 2013) . Downy mildew also decreased yield in quinoa (Chenopodium quinoa Willd.) (Danielsen and Munk 2004) .
Conclusions
Camelina seed yield responded to high applied N rates. The optimum N rate for maximum seed yield was approximately 200 kg ha −1 N. Branch and pod development was decisive for the high yield. The line CDI007 was the most promising genotype because it had the highest yield potential. The infection of downy mildew became significant when the N rate was 100 kg ha −1 N and higher. Seed yield was not significantly affected by downy mildew infection in the present study.
